Signaling pathways, the ultimate targets of which are nuclear transcription factors, determine the cell's ability to respond to external stimuli. Transduced signals can be interpreted as mitogenic/proliferative, differentiating, or apoptotic, depending on the cell type and the nature and duration of the stimulus.
Apoptosis is an irreversible process that results in cell death in the absence of inflammation. It is primarily mediated by caspases, which are cysteine proteases with aspartate specificity that are activated by the cleavage of inactive zymogens (procaspases). Caspase-3 is one of the key executioners of apoptosis. Its activation requires proteolytic cleavage of the inactive pro-caspase-3 into activated 17-to 20-kDa and 12-kDa subunits. Activated caspase-3 is, in turn, responsible, either partially or totally, for the proteolytic cleavage of many key proteins, such as the nuclear poly(ADP-ribose) polymerase (PARP) that is involved in DNA repair. PARP cleavage is a crucial event in the commitment to undergo apoptosis (reviewed in reference 52).
Cell homeostasis depends on the balance between apoptotic and survival/proliferation processes. Survival stimuli cause the membrane-bound G protein Ras to adopt an active, GTPbound state, and it, in turn, coordinates the activation of a multitude of downstream effectors. The mitogenic/survival Ras/MEK/MAPK pathway begins with the activation of Raf kinase and is followed by the activation of MAP kinase kinase (MEK) and mitogen-activated protein kinase (MAPK). A variety of genes, including those required for cell cycle progression, are targets for MAPK (reviewed in reference 58). The Ras/MEK/MAPK pathway is also involved in the control of apoptosis, presumably by upregulating antiapoptotic proteins such as bcl-2 and mcl-1 (19, 57) .
Viruses depend on cells for their replication, and they can differentially affect various signaling pathways. Herpes simplex virus type 1 (HSV-1) and HSV-2 can trigger or counteract apoptosis in a cell-specific manner (6, 7, 22, 35) . Antiapoptotic activity was ascribed to the HSV-1 and HSV-2 gene US3 (42, 50) and to the HSV-1 genes ␥ 1 34.5, US5, ICP27, and LAT (6, 22, 50, 72) . However, their exact mechanism of action and their activity in hippocampal neurons, if any, are still poorly understood.
The large subunits of HSV-1 and HSV-2 ribonucleotide reductase (R1) differ from their counterparts in eukaryotic and prokaryotic cells and in other viruses in that they have an intrinsic protein kinase (PK) activity (1, 9, 23, 25, 26, 61, 62, 69, 71) . It was originally concluded that R1 is expressed with ap-chased from Roche Molecular Biochemicals. Their staining patterns and specificity for neuronal cells were described previously (20) .
Monoclonal antibodies (MAbs) to glial fibrillary acidic protein (GFAP) and galactocerebroside (GalC) that are specific for astrocytes and oligodendrocytes, respectively, were part of the neural cell typing set for identification and typing of neural cells (Roche Molecular Biochemicals). Polyclonal antibodies specific for MAPK (recognizes MAPK1 and -2 [MAPK1/2]) (Oncogene, Cambridge, Mass.), the dually phosphorylated active forms of MAPK1/2 (P-MAPK1/2) (Promega Corporation, Madison, Wis.), PARP (Roche Molecular Biochemicals), activated caspase-3 (D175; recognizes the large 17-to 20-kDa fragment) (Cell Signaling Technology, Beverly, Mass.), pro-caspase-3 (recognizes the uncleaved species) (Santa Cruz Biotechnology, Santa Cruz, Calif.), and the neutralizing immunoglobulin G (IgG) fraction of a MAb to HSV-1/2 glycoprotein D (gD) (Advanced Biotechnologies, Columbia, Md.) were used as per the manufacturers' instructions. Their respective specificities are established.
Chemicals. The PI3-K-specific inhibitor LY294002 (87) and the MEK-specific inhibitor U0126 (32) were purchased from Calbiochem (San Diego, Calif.) and Promega, respectively. Apoptosis inducers staurosporine (STS) and D-mannitol (D-Mann) were purchased from Calbiochem and Sigma, respectively.
TUNEL. The in situ cell death detection kit (Roche Molecular Biochemicals) was used according to the manufacturer's instructions for terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL). Briefly, cells were fixed with 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS, pH 7.4) for 30 min at room temperature, followed by permeabilization in 0.1% Triton X-100 (in 0.1% sodium citrate) for 2 min on ice. DNA breaks were labeled by addition of terminal deoxynucleotidyltransferase (TdT) and nucleotide mixture containing fluorescein isothiocyanate (FITC)-conjugated dUTP and incubation for 60 min at 37°C. Cover slips were mounted in PBS-glycerol, and cells were analyzed by fluorescence microscopy. After extensive washes in PBS, cells were incubated for 30 min at 37°C with an anti-FITC antibody conjugated with alkaline phosphatase (AP). Chromogenic reaction was carried out by adding AP substrate solution (0.4 mg of nitro blue tetrazolium chloride and 0.2 mg of 5-bromo-4-chloro-3-indolylphosphate toluidine salt [Roche Molecular Biochemicals] in 0.1 M Tris-HCl [pH 9.5], 0.05 M MgCl 2 , 0.1 M NaCl, and 1 mM levamisole) for 10 min at room temperature. Cover slips were mounted in PBS-glycerol and analyzed by light microscopy. Apoptotic cells (characterized by a dark nuclear precipitate) and nonapoptotic cells (unstained or displaying a diffuse, light, and uneven cytoplasmic staining) were counted in five randomly chosen microscopic fields (containing at least 250 cells). The percentage of apoptotic mock-infected cells was subtracted from each average. Results are expressed as percent apoptotic cells Ϯ standard error of the mean (SEM).
Viability assay. Cell viability was determined by the CellTiter 96 Aqueous One solution cell proliferation assay (Promega) used according to the manufacturer's instructions on cells grown in 96-well plates. This assay determines the levels of cellular 3-[4,5-dimethylthiazol-2-yl-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] (MTS) reduction to formazan, a measure of mitochondrial function. Briefly, the Cell Titer 96 Aqueous One solution was added to the wells (1:5, vol/vol), and the plates were incubated for 1 h at 37°C. Absorbance was read at 490 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader. Values are the means Ϯ SEM of three independent experiments (each done in quadruplicate), and results are expressed as percent survival (MTS reduction).
Immunofluorescent and immunoperoxidase staining. The identity of the TUNEL-positive cells in primary hippocampal cultures was determined by double immunofluorescence. The cultures were incubated with TdT and the nucleotide mixture (containing FITC-conjugated dUTP) for 1 h at 37°C and stained (1 h, room temperature) with antibodies NF-160, TuJ1, GFAP, or GalC followed by phycoerythrin (PE)-conjugated anti-mouse IgG (30 min, room temperature). Stained cells were visualized with an epifluorescence confocal microscope fitted with an argon ion laser (Zeiss LSM 410) as described (11, 13) .
The Dako LSAB 2 kit horseradish peroxidase (Dako Corporation, Carpinteria, Calif.) was used for immunoperoxidase staining. Cells were exposed overnight (4°C) to the primary antibodies (specific for ICP10 or activated caspase-3), and the immunolabeled cells were detected by the streptavidin-biotin method according to the manufacturer's instructions. The cultures were counterstained with Mayer's hematoxylin (Sigma) (11, 13, 54) , and the cells staining with primary antibodies were counted in five randomly chosen microscopic fields (containing at least 250 cells). The average percentage of staining cells was calculated, and the percentage of staining mock-infected or mock-treated cells was subtracted from each average. The results are expressed as percent positive cells Ϯ SEM.
Hoechst staining. Cells were fixed in 4% PFA (pH 7.4), permeabilized with 0.2% Triton X-100, and stained with the fluorescent DNA-binding dye Hoechst 32258 (40) . DNA fragmentation. DNA fragmentation (ladder formation) was assayed as described by Hata et al. (42) . Cells were collected by trypsinization, and DNA was extracted as described by Hirt (44) . It was quantitated by spectrophotometry, and 5 to 10 g was separated on 1.5% agarose gels. Gels were stained with 0.1 g of ethidium bromide per ml and visualized by exposure to UV light.
Immunoblotting. Immunoblotting was done as previously described (47, 62, 69, (79) (80) (81) (82) supplemented with phosphatase and protease inhibitor cocktails (Sigma) and sonicated for 30 s at 25% output power using a Sonicator ultrasonic processor (Misonix, Inc., Farmingdale, N.Y.). Total protein was determined by the bicinchoninic acid assay (Pierce, Rockford, Ill.), and proteins were resolved by SDSpolyacrylamide gel electrophoresis (PAGE) and transferred to nitrocellulose membranes. The blots were incubated (1 h, 37°C) in TN-T buffer (0.01 M Tris-HCl [pH 7.4], 0.15 M NaCl, 0.05% Tween 20) containing 1% bovine serum albumin (BSA) to block nonspecific binding and exposed (2 h, room temperature) to the appropriate antibodies (diluted in TN-T buffer with 0.1% BSA).
In some experiments, exposure to primary antibodies was done using a miniblotter (model 25; Immunetics, Cambridge, Mass.). After three washes with TN-T buffer, the blots were incubated with protein A-peroxidase for 1 h at room temperature. Detection was done with ECL reagents (Amersham Life Science, Arlington Heights, Ill.) and exposure to high-performance chemiluminescence film (Hyperfilm ECL; Amersham). Quantitation was done by densitometric scanning using the Bio-Rad GS-700 imaging densitometer.
Virus neutralization. For neutralization with the anti-HSV-2 or preimmune serum, HSV-2 (10 7 PFU) was incubated (1 h, 37°C) with an equal volume of the respective serum. For neutralization with the gD MAb, cells were incubated for 30 min with 2.5 g of the IgG fraction per ml and exposed (1 h, 37°C) to a virus-antibody mixture consisting of HSV-2 (10 7 PFU) and 2.5 g of of gD IgG per ml (1 h, 37°C). Virus surviving neutralization was determined by plaque assay as described elsewhere (11) .
Single-step virus growth assays. Single-step growth assays were done as previously described (11, 81, 82) . Primary cultures of hippocampal neurons were infected with HSV-2, HSV-2(R), ICP10⌬PK, or ICP10⌬RR (5 PFU/cell). Adsorption was for 1 h (0 h in growth curve). Cells and supernatants were harvested at 2 to 48 h after adsorption, frozen and thawed, and assayed for virus titers by plaque assay (11, 81, 82) . Results are expressed as mean PFU Ϯ SEM.
Statistical analyses. One-way analysis of variance (ANOVA) with TukeyKramer posttest was done using GraphPad InStat version 3.01 for Windows 95/NT (GraphPad Software, San Diego, Calif.).
RESULTS
Cells stably transfected with ICP10 PK are protected from apoptosis induced by STS or D-Mann. We have previously shown that the Ras/MEK/MAPK pathway is activated in cells that express ICP10 PK (JHLa1) but not its PK-negative mutant p139 (JHL15) (79) . Because this pathway was implicated in the control of apoptosis (53), we examined the response of JHLa1, JHL15, and parental (HEK293) cells to the known apoptosis inducers STS and D-Mann (49, 64) . Cells were treated (24 h) with STS (250 nM) or D-Mann (300 mM) in medium containing 1% FBS and examined by TUNEL, an assay that is widely considered to be specific for apoptosis (36, 37) .
As shown in Fig. 1A , the proportion of TUNEL-positive (apoptotic) cells was significantly higher in STS-treated HEK293 (71% Ϯ 12.4%) and JHL15 (69% Ϯ 4.9%) than JHLa1 (5.8% Ϯ 2.1%) cells (P Ͻ 0.01 by ANOVA), and similar results were obtained for D-Mann (79% Ϯ 7.4%, 58% Ϯ 7%, and 13% Ϯ 8% for HEK293, JHL15, and JHLa1 cells, respectively). TUNEL-positive STS-treated HEK293 and JHL15 cells evidenced condensed chromatin and nuclear fragmentation, which are hallmark morphologic features of apoptosis ( Fig. 1B  and C ), but these features were essentially absent in STStreated JHLa1 cells (Fig. 1D) . We interpret the data to indicate that ICP10 negatively regulates apoptosis induced by STS or D-Mann, a function that requires PK activity.
ICP10 PK blocks STS-or D-Mann-induced DNA fragmentation. Because DNA fragmentation (ladder formation) is a hallmark of most apoptotic conditions (5), we wanted to know whether ICP10 PK can block ladder formation induced by apoptotic stimuli. HEK293, JHL15, and JHLa1 cells were treated (24 h) with STS (250 nM) or D-Mann (300 mM), and genomic DNA was examined for fragmentation as described in Materials and Methods. Cells mock-treated with dimethyl sulfoxide (DMSO) (1:4,000 [vol/vol], diluent for STS) or MEM (diluent for D-Mann) were studied in parallel. DNA fragmentation was seen in HEK293 cells treated with STS (Fig. 2, lane 3) or D-Mann (Fig. 2, lane 7) , but not in mock-treated HEK293 cells (Fig. 2, lanes 2 and 6) . Similar results were obtained for JHL15 cells (data not shown). DNA fragmentation was not seen in JHLa1 cells treated with STS (Fig. 2, lane 4) or D-Mann (Fig. 2, lane 8) or mock-treated with DMSO (Fig. 2, lane 5) or MEM (Fig. 2, lane 9) . The data indicate that ICP10 PK blocks DNA fragmentation induced by the apoptotic stimuli studied in these series of experiments.
ICP10 PK blocks STS-induced caspase-3 activation and PARP cleavage. Two series of experiments were done in order to further examine the ability of ICP10 PK to block apoptosis induced by STS. In the first series, we asked whether ICP10 PK interferes with cleavage (and, thereby, activation) of procaspase-3, a central determinant of many apoptotic processes (52) . Duplicate cultures of HEK293, JHL15, and JHLa1 cells suggesting that ICP10 PK blocks the cleavage (activation) of pro-caspase-3. Consistent with this interpretation, the mean percentage of cells staining with the antibody to activated caspase-3 was significantly (P Ͻ 0.01 by ANOVA) higher in STS-treated HEK293 (40.5% Ϯ 0.9%) and JHL15 (36.4% Ϯ 7.6%) than JHLa1 (9.3% Ϯ 0.1%) cells (Fig. 3B ).
Because PARP cleavage by caspase-3 is a hallmark of the commitment to undergo apoptosis (86), the second series of experiments asked whether ICP10 PK blocks PARP cleavage. HEK293, JHL15, and JHLa1 cells were treated with STS (or DMSO control) as above, and the cell extracts were immunoblotted with antibody specific for PARP. A 116-kDa band consistent with uncleaved PARP was seen in all cell extracts (Fig. 4 , lanes 1 to 6). By contrast, an 85-kDa band that is consistent with the PARP cleavage product was seen only in STS-treated HEK293 ( 
ICP10 PK but not p139
TM rescues neuronally differentiated PC12 cells from death due to NGF withdrawal. To examine whether ICP10 PK has antiapoptotic activity under paradigms other than those studied in JHLa1 cells, we took advantage of previous findings that PC12 cells grown in NGF-containing medium acquire properties of sympathetic neurons (neurite outgrowth, electrical excitability, and expression of specific neuronal markers) and die by apoptosis upon NGF withdrawal (39) . Specifically, PC12 cells were neuronally differentiated by growth (at least 12 days) in serum-free DMEM/F12 supplemented with 0.36% D-glucose, 0.21% sodium bicarbonate, 0.009% gentamicin, and 100 ng of nerve growth factor (NGF) (Roche Molecular Biochemicals) per ml. They were trans- fected with pJW17 or pJHL15 (which express ICP10 and p139, respectively) using the FuGene 6 transfection reagent (Roche Molecular Biochemicals) and cultured (24 h) in NGF-containing medium to allow transgene expression. At this time (0 h post-NGF withdrawal), the medium was replaced with NGFfree medium, and the cells were cultured for an additional 48 h in the absence of NGF. They were examined daily for viability using the MTS assay (15, 75) . Results are expressed as percent survival relative to 0 h post-NGF withdrawal Ϯ SEM.
Consistent with previous reports for nonneuronal cells transfected with the pJW17 (ICP10) or pJHL15 (p139) expression vectors (23, 62, 94) , approximately 25 to 35% of the transfected PC12 cells stained with ICP10 antibody at 24 h posttransfection. Staining was not seen in mock-transfected PC12 cells or with normal serum. Similar results were obtained in three independent experiments, suggesting that ICP10 and p139 are expressed equally well in transfected cells (23, 62, 94) . By contrast, the percent survival was significantly (P Ͻ 0.05 by ANOVA) higher for pJW17-transfected cultures (82.3% Ϯ 3.9% and 73.2% Ϯ 3.3% at 24 and 48 h, respectively) than for mock-transfected cultures (65.7% Ϯ 2.7% and 48.1% Ϯ 1% at 24 and 48 h, respectively). Increased survival in pJW17-transfected cultures is consistent with the estimated proportion of cells expressing ICP10. We conclude that survival requires a functional ICP10 PK activity, because the percentage of pJHL15-transfected cells surviving NGF withdrawal (61.2% Ϯ 1% and 43.1% Ϯ 1.4% at 24 and 48 h, respectively) was similar to that of mock-transfected cultures and significantly lower (P Ͻ 0.05 by ANOVA) than that seen for pJW17 (Fig. 5) .
ICP10 PK inhibits apoptosis and caspase-3 activation in virus-infected hippocampal cultures. Having seen that ICP10 PK has antiapoptotic activity that encompasses neuronally differentiated PC12 cells, we wanted to know whether this activity extends to virus-induced apoptosis in primary hippocampal cultures. Cells were infected with HSV-2 or ICP10⌬PK (10 PFU/cell) and examined by TUNEL at 24 h postinfection The revertant virus [HSV-2(R)] (81, 82) and the HSV-2 mutant ICP10⌬RR, which is deleted in the RR domain of ICP10 (12), were studied in parallel and served as controls. The data shown in Fig. 6A represent the results of three independent experiments.
The percent apoptotic cells was significantly higher (P Ͻ 0.01 by ANOVA) in cultures infected with ICP10⌬PK (68% Ϯ 3.9%) than HSV-2 (5.7% Ϯ 0.5%) or HSV-2(R) (7.9% Ϯ 1%), suggesting that ICP10 PK has antiapoptotic activity also in this paradigm. TUNEL-positive ICP10⌬PK-infected cells evidenced nuclear fragmentation characteristic of apoptosis ( VOL. 76, 2002 HSV-2 R1 PROTEIN KINASE 1439 ICP10⌬RR (23% Ϯ 2.1%) was significantly (P Ͻ 0.01 by ANOVA) lower than that seen for ICP10⌬PK, but higher than that seen for HSV-2 or HSV-2(R) (P ϭ 0.046 by ANOVA), suggesting that ICP10 RR contributes to the ability of HSV-2 to negatively regulate apoptosis (Fig. 6A) .
To examine whether antiapoptotic activity involves blocking of caspase-3 activation, primary hippocampal cultures were infected with HSV-2 or ICP10⌬PK (10 PFU/cell, 24 h) and stained with the D175 antibody (specific for activated caspase-3) or normal rabbit serum (control). ICP10⌬RR and HSV-2(R) were studied in parallel and served as controls. The percentage of cells staining with the activated caspase-3 antibody was significantly higher (P Ͻ 0.05 by ANOVA) for ICP10⌬PK (52.6% Ϯ 9.6%) than HSV-2 (19.3% Ϯ 2%), and similar results were obtained in three independent experiments (Fig. 6D) . However, the proportion of staining cells was similar for ICP10⌬RR (26% Ϯ 0.2%), HSV-2 (19.3% Ϯ 2%), and HSV-2(R) (17.5% Ϯ 2.3%) (P Ͼ 0.05 by ANOVA), suggesting that the contribution of ICP10 RR to the antiapoptotic activity of HSV-2 is likely to be downstream of caspase-3 activation. Normal rabbit serum was negative.
TUNEL-positive ICP10⌬PK-infected hippocampal cells are neurons. Because primary hippocampal cultures consist of various cell populations, two series of experiments were done in order to determine the identity of the apoptotic cells in ICP10⌬PK-infected cultures. In the first series, we used staining with antibodies to neuronal proteins NF-160 and TuJ1
(specific for postmitotic neurons [34] ) in order to estimate the proportion of neurons in our hippocampal cultures. Antibodies to GFAP and GalC, which are specific for astrocytes and oligodendrocytes, respectively, served as controls. Consistent with previous conclusions that the majority of cells in such cultures are neurons (14) , approximately 85 to 95% of the cells stained with NF-160 or TuJ1 antibodies, while only 5 to 8% stained with the GFAP antibody. Staining was not seen with the GalC antibody, consistent with previous reports that such cultures are free of oligodendrocytes (18) .
The second series of experiments used double immunofluorescent staining in order to examine the identity of the TUNEL-positive cells. Cultures infected (24 h) with HSV-2 or ICP10⌬PK (10 PFU/cell) were examined for TUNEL using FITC-labeled dUTP and stained with PE-labeled antibodies to NF-160, TuJ1, or GFAP, as described in Materials and Methods. HSV-2-infected cultures stained with NF-160 or TuJ1 antibody (Fig. 7A ), but they were mostly TUNEL negative (Fig. 7B) . Uninfected cultures also stained with these antibodies (Fig. 7C ) and were TUNEL negative (Fig. 7D) . By contrast, cultures infected with ICP10⌬PK had TUNEL-positive cells (Fig. 7E) , and these cells stained with TuJ1 ( Fig. 7F and G) or NF-160 (data not shown) antibodies. As described previously (20) , the TUJ1 and NF-160 staining (PE) localized in the cell bodies and projections (Fig. 7F) , while the FITC staining (TUNEL) was primarily nuclear (Fig. 7G) . Some cells showed TUNEL staining in the cytoplasm (Fig. 7E and G) , presumably representing leakage of DNA fragments from the nucleus in late-stage apoptotic cells (56) . GFAP-staining cells in the HSV-2-infected cultures (Fig. 7I) were TUNEL negative ( Fig.  7H and J) . We interpret the data to indicate that TUNELpositive cells in virus-infected hippocampal cultures are neurons.
Growth defects of the ICP10 mutants are independent of their ability to induce apoptosis. Viruses have acquired various strategies to escape apoptosis, including completing the replicative cycle before onset of apoptosis (55) . To determine whether apoptosis in infected hippocampal neurons is related to virus replication, single-step growth curves were done as previously described (81, 82) . The data summarized in Fig. 8 indicate that HSV-2 replication began at 3 h postinfection, with maximal titers reached at 15 to 24 h postinfection and remaining relatively stable until 48 h postinfection These growth kinetics are similar to those reported previously for nonneuronal cells (81, 82) and identical to those seen for HSV-2(R) (data not shown).
In nondividing cells that are not neuronal (grown in 1% serum), both ICP10⌬PK and ICP10⌬RR are growth compromised, but the ICP10⌬PK mutant is much more affected, suggesting that PK activity may be more significant for virus growth under these conditions (12) . However, in hippocampal neurons, both ICP10⌬PK, which causes high levels of apoptosis, and ICP10⌬RR, which causes relatively little apoptosis, were similarly growth defective. We interpret the data to suggest that the growth defects seen in these mutants are independent of their ability (or inability) to cause apoptosis in hippocampal neurons.
MEK/MAPK are activated in HSV-2-but not ICP10⌬PK-infected hippocampal cultures.
Having shown that ICP10 PK has antiapoptotic activity in hippocampal neurons, we wanted to know whether this is related to its ability to activate MEK/ MAPK (79, 82) . Cultures of hippocampal neurons were infected with HSV-2 or ICP10⌬PK (10 PFU/cell) and analyzed for MAPK activation at 30 min and 24 h postinfection (0 h postinfection is at the end of adsorption) by immunoblotting with antibody specific for the phosphorylated (activated) MAPK1/2 species (P-MAPK1/2). Antibody to the unphosphorylated MAPK1/2 species served as the control for improper gel loading or other technical artifacts.
Two bands consistent with P-MAPK1/2 were seen in mockinfected cultures (Fig. 9A, lane 1) . At 30 min postinfection, their levels were significantly higher in cultures infected with HSV-2 (Fig. 9A, lane 2) than ICP10⌬PK (Fig. 9A, lane 3) . The levels of MAPK1/2 were similar in all cultures. We conclude that MAPK activation is a relatively rapid (30 min postinfection) and transient event, because the levels of P-MAPK1/2 were not increased in cells infected with HSV-2 (Fig. 9A, lane  4) or ICP10⌬PK (Fig. 9A, lane 5) for 24 h. The conclusion that MAPK1/2 are activated within 30 min postinfection with HSV-2 but not ICP10⌬PK is supported by densitometric scanning and data expression as P-MAPK/MAPK ratios (Fig. 9B) .
To examine the contribution of upstream components of the Ras survival pathway to MAPK activation, cultures of hippocampal neurons were infected with HSV-2 in the presence or absence of the MEK-specific inhibitor U0126 (20 M) (32), and cell extracts were examined for MAPK activation by im- munoblotting with antibody specific for P-MAPK1/2 (or the MAPK1/2 control), as described above. As expected, the levels of P-MAPK1/2 were higher in HSV-2- (Fig. 10A, lane 3 ) than mock-infected (Fig. 10A, lane 1) cultures. However, P-MAPK1/2 levels were decreased by U0126 treatment in both mock-infected (Fig. 10 , lane 2) and HSV-2-infected (Fig. 10A,  lane 4) cultures. The levels of MAPK1/2 were similar in all cultures. Densitometric scanning of the blots and data expression as P-MAPK/MAPK ratios (Fig. 10B ) support the conclusion that MAPK activation is MEK dependent. MEK/MAPK activation does not require de novo viral protein synthesis. The finding that MEK and MAPK are not activated by ICP10⌬PK, which does not replicate in hippocampal cultures, suggests that activation may require de novo viral protein synthesis. However, activation is seen at 30 min postinfection, before onset of viral protein synthesis (2 to 3 h postinfection). To examine whether viral protein synthesis is required for MEK/MAPK activation, hippocampal cultures were infected with HSV-2 or UV-inactivated HSV-2 (10 PFU/cell), which penetrates the cells but is defective in protein synthesis (74) . Infection was done in the absence or presence of U0126 (20 M). Cell extracts collected at 30 min postinfection were examined for MAPK activation by immunoblotting with P-MAPK1/2 antibody and MAPK1/2 antibody (control). P-MAPK1/2 levels were increased in cultures infected with HSV-2 (Fig. 10A, lane 3) or UV-inactivated HSV-2 (Fig. 10A , lane 5) relative to mock-infected cells (Fig. 10A, lane 1) , and the increase was virtually identical for both HSV-2 and UV- Proteins were resolved by SDS-PAGE (8.5% acrylamide gels), transferred to nitrocellulose membranes, and immunoblotted with antibody specific for P-MAPK1/2. Blots were stripped and reblotted with antibody to MAPK1/2. (B) Protein levels were quantitated by densitometric scanning, and the results are expressed as P-MAPK/MAPK ratios for both isoforms. 3 and 4) or UV-inactivated HSV-2 (lanes 5 and 6) in the absence (lanes 1, 3, and 5) or presence of 20 M U0126 (lanes 2, 4, and 6) were obtained at 30 min postinfection and immunoblotted with antibody specific for P-MAPK1/2, followed by MAPK1/2 as in Fig. 9. (B) The bands in panel A were analyzed by densitometric scanning, and the results are expressed as P-MAPK/MAPK ratios for both isoforms.
FIG. 10. MAPK activation in HSV-2-infected hippocampal cultures is MEK dependent and does not require de novo viral protein synthesis. (A) Extracts of cells mock infected (lanes 1 and 2) or infected with HSV-2 (lanes
inactivated HSV-2. P-MAPK1/2 levels were not increased when infection was done in the presence of U0126 (Fig. 10A , lanes 4 and 6), and MAPK1/2 levels were similar in all samples. Densitometric scanning and data analysis as P-MAPK/MAPK ratios (Fig. 10B ) confirmed the conclusion that MAPK is activated equally well by HSV-2 and UV-inactivated HSV-2, suggesting that MEK/MAPK activation is independent of de novo viral protein synthesis.
We considered the possibility that the virion ICP10 protein causes MEK/MAPK activation, an interpretation that carries the implicit conclusion that ICP10⌬PK (and ICP10⌬RR) cause apoptosis (albeit at different levels) because their respective ICP10 proteins (p95 and p175) are not released upon virion uncoating (p95 and p175 are also incorporated into the virion tegument [80; unpublished data]). To test this interpretation, hippocampal cultures were infected with HSV-2, ICP10⌬PK, ICP10⌬RR, or antibody-neutralized viruses (10 PFU/cell), and cell extracts obtained at 30 min postinfection were immunoblotted with ICP10 antibody, which recognizes ICP10, p95, and p175 (12) . ICP10 (Fig. 11, lane 3) , p95 (Fig. 11, lane 4) , and p175 (Fig.  11 , lane 5) were seen in the respective cell extracts, but they were not seen in extracts of cells infected with antibody-neutralized virus, as shown for HSV-2 in Fig. 11 , lane 2. This is consistent with the failure of neutralized virus to penetrate the cells (43, 51) and suggests that cell penetration occurs within 30 min postinfection Taken together with the finding that MEK/MAPK activation does not require de novo viral protein synthesis, the presence of ICP10 in extracts of HSV-2-infected cells at 30 min postinfection suggests that ICP10 is released into the cell upon virion uncoating. However, the exact reason for the lower levels of p95 relative to ICP10 and p175 in hippocampal cultures is still unclear.
MEK/MAPK activation is required for HSV-2 antiapoptotic activity in hippocampal neurons. Having shown that MEK and MAPK are activated in HSV-2-infected hippocampal cultures, we wanted to know whether activation is required for the antiapoptotic activity of HSV-2 in these cells. Hippocampal cultures were mock infected with growth medium or infected with HSV-2 (10 PFU/cell) in the absence or presence of 10 or 20 M U0126 and examined for apoptosis by TUNEL at 24 h postinfection. A dose-dependent increase in the percentage of TUNEL-positive (apoptotic) cells was seen in HSV-2-infected cultures treated with U0126 (27% Ϯ 1.6% and 48.3% Ϯ 2.8% for 10 and 20 M, respectively) compared to similarly infected but untreated cells (10% Ϯ 0.7%) (P Ͻ 0.01 by ANOVA), suggesting that the antiapoptotic activity of HSV-2 requires MEK/MAPK activation (Fig. 12A) . Significantly, however, U0126 treatment had no effect on the survival of mock-infected cultures (Fig. 12A) , although U0126 inhibits MEK/ MAPK activation. The data suggest that MEK/MAPK activation is not required for the survival of uninfected hippocampal neurons, at least under these experimental conditions.
Because the PI3-K/Akt pathway was implicated in the protection of neurons from apoptosis due to growth factor withdrawal (27), we considered the possibility that this pathway is also involved in the survival of HSV-2-infected hippocampal cultures. Cells were infected with HSV-2 (10 PFU/cell) or mock infected with growth medium in the absence or presence of increasing concentrations (10 to 100 M) of the PI3-Kspecific inhibitor LY294002 (87) minimal effect on the percentage of TUNEL-positive cells in HSV-2-infected cultures (9.1% Ϯ 1% and 24.8% Ϯ 2.3% at 0 and 100 M, respectively), suggesting that this pathway has little contribution to the survival of HSV-2-infected hippocampal neurons. By contrast, LY294002 had a major effect on the survival of mock-infected cells, with 5% Ϯ 3% apoptotic cells in the untreated cultures compared to 72% Ϯ 4.5% at 100 M LY294002 (Fig. 12B) (P Ͻ 0.01 by ANOVA), suggesting that the PI3-K pathway is required for basal maintenance of hippocampal neurons. Presumably, HSV-2 infection uncouples cell survival from PI3-K activation by activating the MEK/MAPK pathway. However, the possibility cannot be excluded that both pathways converge upon similar downstream effectors.
Cell penetration is required for MEK/MAPK activation. The finding that MEK and MAPK are activated at 30 min postinfection of hippocampal cultures is amenable to two potential interpretations. According to the first interpretation, activation is mediated by the ICP10 PK located in the tegument of the incoming virion (80) . Implicit in this interpretation is the conclusion that cellular penetration and virion uncoating are required for MEK/MAPK activation. An alternative interpretation is that MEK and MAPK are activated by virus binding to receptors on the cell surface, and both it and the resulting antiapoptotic effect are independent of cellular penetration. This possibility is particularly significant because an HSV receptor can generate a signal that regulates the transcription factor AP-1 upon ligand binding (65) .
To examine whether MEK/MAPK activation is dependent on cellular penetration, hippocampal cultures were infected with antibody-neutralized HSV-2, which can attach to but does not penetrate the cells (43, 51) , and examined for MAPK activation at 30 min postinfection by immunoblotting with antibody specific for P-MAPK1/2 (and antibody to MAPK1/2 as a control). The levels of P-MAPK1/2 were significantly lower in cells exposed to virus neutralized with gD MAb (Fig. 13A, lane  3) or HSV-2 antiserum (Fig. 13C, lane 3) than nonneutralized virus (Fig. 13A, lane 2) or virus treated with preimmune serum (Fig. 13C, lane 2) . MAPK1/2 levels were similar in all cultures ( Fig. 13A and C) . Densitometric scanning and data analysis as P-MAPK/MAPK ratios ( Fig. 13B and D) indicated that MAPK is not activated in cells infected with antibody-neutralized virus, suggesting that cell penetration is required for MEK/ MAPK activation. The superior effect of the anti-HSV-2 serum relative to the gD MAb presumably reflects its broader antigenic specificity.
DISCUSSION
Viruses have evolved various strategies to prevent apoptosis, including expression of bcl-2 homologues, inhibition of cas- pases, and repression of p53 activity (reviewed in reference 41). HSV-1 and HSV-2 have antiapoptotic activity that is cell type specific and has been attributed to the HSV-1 and HSV-2 gene US3 and to the HSV-1 genes ␥ 1 34.5, US5, ICP27, and LAT, which function by a still poorly understood mechanism (6, 7, 22, 35, 42, 50, 72) . However, to the extent of our knowledge, viral genes that inhibit apoptosis by activating survival pathways have not been described previously. Starting with our previous observation that it activates the Ras/MEK/MAPK pathway in nonneuronal cells (47, 79, 82) , we showed that ICP10 PK prevents apoptosis in a constitutively expressing human cell line (JHLa1) and protects both neuronally differentiated PC12 cells and primary hippocampal neurons from apoptosis due to growth factor withdrawal and virus infection, respectively. In hippocampal neurons, antiapoptotic activity involves activation of the MEK/MAPK pathway and appears to be mediated by ICP10 PK in the virion tegument (80) . The following comments seem pertinent to these findings.
Cell death can be due to apoptosis, necrosis, or a combination of both (4, 73) , and the suitability of various assays for the detection of apoptosis has recently come under scrutiny (21, 24) . Our definition of apoptosis is based on a multiplicity of criteria (cell survival, nuclear morphology, TUNEL, DNA fragmentation, caspase-3 activation, a crucial factor in the commitment to undergo apoptosis in response to certain stimuli [52] , and PARP cleavage). According to these criteria, STS and D-Mann induced apoptosis in HEK293 and JHL15 cells, which express the PK-negative ICP10 mutant p139, but not in JHLa1 cells, which express ICP10 (62, 79) . Protection requires a functional ICP10 PK activity, because (i) the JHLa1 and JHL15 cell lines were similarly established from HEK293 cells, and (ii) p139 is expressed as well as ICP10 (62, 79) .
The antiapoptotic activity of ICP10 PK is relatively broad, as evidenced by the finding that it also protected neuronally differentiated PC12 cells and primary hippocampal neurons from apoptosis caused by growth factor withdrawal and virus infection, respectively. Indeed, 73% of differentiated PC12 cells transiently transfected with ICP10 survived for 48 h after NGF withdrawal, as determined by the MTS reduction assay, which is widely used to determine cell viability (15, 75) . This compares to a 48% survival in untransfected cells and 43% survival in cells transfected with the ICP10 PK-negative mutant p139. Because p139 is expressed as well as ICP10 in transiently transfected cells, the data suggest that PK activity is required for protection. The approximately 30% increase in the survival of ICP10-transfected cells is consistent with the estimated proportion of cells positive for ICP10 expression (25 to 35%) and with previous reports of transfection efficiencies and gene expression using these vectors (23, 62, 94) .
To examine the ability of ICP10 PK to protect hippocampal neurons from virus-induced apoptosis, we used ICP10⌬PK, an HSV-2 mutant that is deleted in the PK domain of ICP10 and expresses the PK-negative p95 protein, and ICP10⌬RR, an HSV-2 mutant in which the ICP10 RR domain is replaced with lacZ and expresses the PK-positive p175 protein (12, 79, 81, 82) . Primary hippocampal cultures were infected in medium containing 10% FCS, a condition which allows the replication of ICP10⌬PK and ICP10⌬RR in nonneuronal cells (12, 79, 81, 82) . Similar conditions were used for infection with HSV-2 and the revertant virus HSV-2(R) in order to allow direct comparison and control for the potential contribution of growth factors in the serum.
Significantly, HSV-2 [and HSV-2(R)] replicated in these cells with growth kinetics similar to those reported previously for nonneuronal cells (81, 82) . However, both ICP10⌬PK and ICP10⌬RR were growth defective. The defect is not due to improper adsorption or penetration, since immunoblotting with ICP10 antibody revealed the presence of both p95 and p175 in extracts of cells infected with ICP10⌬PK or ICP10⌬RR, respectively, at 30 min postinfection, but the proteins were not seen in extracts of cells similarly infected with antibody-neutralized viruses, which can adsorb to but do not penetrate the cells (43, 51) . These findings are consistent with previous reports that mutants deleted in the RR or PK domain of R1 are growth compromised in neuronal cell lines (10, 38) . However, the growth defect seen in our cultures is significantly more pronounced, and it may be due to the use of primary cultures and/or hippocampal neurons.
Apparently unrelated to virus replication, high percentages of TUNEL-positive (apoptotic) cells were seen in cultures infected with ICP10⌬PK but not HSV-2 or HSV-2(R) (12, 81) . Apoptotic cells were neurons, as evidenced by double immunofluorescent staining using FITC-labeled dUTP (TUNEL) and PE-labeled TUJ1 or NF-160 antibodies, both of which are specific for neuronal proteins (34) . Although 5 to 8% of the cells in these cultures stained with GFAP antibody, they were TUNEL negative, suggesting that astrocytes do not become apoptotic under the experimental conditions used in these studies. We conclude that antiapoptotic activity depends on a functional ICP10 PK because (i) ICP10⌬PK does not have genetic alterations other than this deletion (81), (ii) US3, the only HSV-2 gene previously shown to have antiapoptotic activity in nonneuronal cells (42) , is functional in ICP10⌬PK (unpublished), and (iii) the revertant virus HSV-2(R) had antiapoptotic activity similar to that of HSV-2. Antiapoptotic activity was also not due to infection in the presence of 10% serum, because ICP10⌬PK caused apoptosis under the same conditions.
It is particularly interesting that the percentage of TUNELpositive (apoptotic) cells was also higher in cultures infected with ICP10⌬RR than with HSV-2. Although this percentage was significantly lower than that seen in ICP10⌬PK-infected cultures, the observation suggests that the ICP10 RR domain also contributes to the antiapoptotic activity of HSV-2. The exact mechanism responsible for this contribution is still unclear. We assume that the ICP10 RR domain functions downstream of caspase-3 activation because the proportion of cells positive for activated caspase-3 was similar for ICP10⌬RR and HSV-2. If RR enzymatic activity is involved in the contribution of the ICP10 RR domain to the antiapoptotic activity of HSV-2, it occurs after MEK/MAPK activation (30 min postinfection) because (i) the small RR subunit (R2) is synthesized with classic ␤ kinetics (peaks at 6 to 8 h postinfection) and it imparts ␤ kinetics to RR activity (88) and (ii) MEK/MAPK activation is independent of de novo viral protein synthesis. However, we cannot exclude the possible contribution of protein modification resulting from lacZ insertion.
The mechanism responsible for the ability of ICP10 PK to block apoptosis is still unclear. Antiapoptotic activity involves inhibition of caspase-3 activation, because (i) caspase-3 activa-tion, PARP cleavage, and oligonucleosomal DNA fragmentation were inhibited in the constitutively expressing JHLa1 cells, (ii) ICP10 PK increased the survival of growth factor-deprived neuronally differentiated PC12 cells, the apoptosis of which involves caspase activation (16, 83) , and (iii) the percentages of cells positive for TUNEL (apoptotic) and caspase-3 activation were significantly higher for ICP10⌬PK than HSV-2 or HSV-2(R). The antibodies used in the immunoblotting and immunohistochemistry studies on which these conclusions are based have established specificities (confirmed in our laboratory), and normal rabbit serum was negative in all assays.
The antiapoptotic activity of ICP10 PK involves activation of the MEK/MAPK survival pathway. Indeed, the levels of activated (phosphorylated) MAPK1/2 (P-MAPK1/2) were significantly higher in hippocampal cultures infected with HSV-2 than in mock-infected cultures, but this increase was not seen in cells infected with ICP10⌬PK. MAPK activation was inhibited by U0126, which is a MEK-specific inhibitor (32) , and U0126 treatment of HSV-2-infected cultures caused a dosedependent increase in the proportion of apoptotic cells, suggesting that MEK/MAPK activation is involved in the antiapoptotic activity of HSV-2. Since U0126 did not increase the proportion of apoptotic cells in uninfected cultures, pathway activation appears to be required for the antiapoptotic activity of HSV-2. Presumably, activation occurs upstream of caspase-3 and it involves the activation of Ras, since (i) ICP10 PK activates Ras, and thereby MEK/MAPK, in nonneuronal cells (82) and (ii) activation of Ras effector pathways protects neurons from apoptosis induced by various stimuli, including growth factor withdrawal (31, 60, 91) . Ongoing studies are using dominant negative Raf and Ras mutants in order to further document the validity of this interpretation.
Consistent with previous reports which implicate the PI3-K/ Akt pathway in the survival of neurons after growth factor withdrawal (30, 53, 66, 71, 87, 92) , we found that the proportion of apoptotic cells in uninfected cultures was increased by treatment with the PI3-K-specific inhibitor LY294002. Similar results were also obtained with wortmannin (100 to 200 nM), which is another PI3-K inhibitor (92) (data not shown). However, these inhibitors had a minimal, if any, effect on apoptosis in HSV-2-infected hippocampal cultures, suggesting that infection uncouples the survival of these cells from PI3-K activity. Presumably, uncoupling is due to the activation of the MEK/ MAPK pathway. However, we do not exclude the possibility that both pathways activate the same downstream effectors that are ultimately responsible for survival. Our studies also do not exclude the possibility that the antiapoptotic activity of ICP10 PK also involves inhibition of the JNK/p38 stress pathway, which is activated by NGF withdrawal and triggers apoptosis of neuronal cells even in the presence of NGF (91) .
We assume that activation of the MEK/MAPK pathway results in increased transcription of antiapoptotic proteins such as bcl-2 family members (63) . However, the identity of the survival functions involved in the antiapoptotic activity of ICP10 PK and the identity of the pathways that connect Ras/ MEK/MAPK to caspase-3 and its downstream effectors are still unknown. We also do not know the exact kinetics of MEK/MAPK activation as they relate to inhibition of apoptosis. Indeed, activation was observed as early as 30 min postinfection, while apoptosis was only studied at 24 h postinfection, when MEK/MAPK were no longer activated. Because the levels of p95 in 30 min ICP10⌬PK-infected hippocampal cultures are low, we cannot exclude the possibility that the apoptotic activity of this virus is due to low levels of RR enzymatic activity. However, this interpretation seems unlikely, because the percentage of apoptotic cells in ICP10⌬RR-infected cultures was only marginally higher than that seen for HSV-2 (and significantly lower than that seen for ICP10⌬PK), suggesting that the contribution of the RR activity to HSV-2 antiapoptotic activity is minimal at best.
Ongoing studies are designed to identify upstream and downstream effectors of the MEK/MAPK pathway activated by ICP10 PK and the survival functions that it induces, define the mechanism responsible for the decreased significance of the PI3-K/Akt pathway in the survival of HSV-2-infected hippocampal neurons, examine the contribution, if any, of the stress p38/JNK pathway, and define the contribution of the ICP10 RR domain to the HSV-2 antiapoptotic activity.
In nonneuronal cells the MEK/MAPK pathway is activated at 2 to 3 h postinfection by newly synthesized ICP10 PK (82) . By contrast, in HSV-2-infected hippocampal neurons, activation occurred as early as 30 min postinfection and did not require de novo viral protein synthesis, suggesting that it may be mediated by the virion ICP10 PK (80), which is released into the cytoplasm upon cellular penetration and virion uncoating. Alternatively, MEK/MAPK activation could be a nonspecific response to the mechanics of infection or due to growth factors or cytokines present in the inoculum. This is particularly significant, since an HSV receptor is a member of the tumor necrosis factor receptor (TNFR) family, which, upon ligand binding, can generate a signal that regulates NF-B and AP-1 activation (65) .
We favor the former interpretation because (i) MEK/MAPK were not activated by ICP10⌬PK, the adsorption and penetration of which are identical to those of the wild-type HSV-2 (81), (ii) for both viruses, infection was done in 10% serum, in which ICP10⌬PK ultimately replicates (81) , and (iii) MEK and MAPK are activated within 30 min postinfection, prior to detectable de novo viral protein synthesis. This assumption is also supported by the observations that (i) ICP10 was not seen in cells infected with antibody-neutralized HSV-2, which can attach to but does not penetrate the cells (43, 51) , and the levels of P-MAPK1/2 were not increased in these cells, and (ii) MEK and MAPK were activated equally well by HSV-2 and UVinactivated HSV-2, which can penetrate the cells but is defective in protein synthesis (74) . However, because anti-HSV-2 antibody blocks MAPK1/2 activation, the possibility cannot be excluded that virus binding per se also contributes to MAPK activation.
Final conclusions about the relative contribution of the tegument protein compared to newly synthesized ICP10 must await the results of further studies that identify the viral apoptotic genes and can, therefore, differentiate between the contribution of de novo protein synthesis to apoptosis versus antiapoptosis. Moreover, it remains to be determined whether and how binding per se contributes to MAPK activation and whether the virion ICP10 PK is involved in MEK/MAPK activation in any nonreplicating cells or only in hippocampal neurons.
What is the biological or clinical relevance of the ICP10 PK antiapoptotic activity in hippocampal neurons? Because hippocampal neurons are involved in virus-induced encephalitis (17, 28, 68) , a tantalizing hypothesis is that the relative paucity of adult HSV-2 encephalitis is due to the ability of ICP10 PK to block apoptosis in these cells. Implicit in this interpretation is the conclusion that HSV-1, the major cause of HSV-induced adult encephalitis (84) , causes apoptosis in hippocampal neurons. This conclusion is consistent with previous findings that (i) the HSV-1 counterpart of ICP10 PK is structurally and functionally distinct (23, 25, 26) , (ii) the antiapoptotic activity of HSV-1 is cell type specific (35) , and (iii) HSV-1 activates the p38/JNK stress pathway by a Ras-independent process (67, 93) . Another biologically and clinically relevant aspect of the finding that ICP10 PK has antiapoptotic activity in hippocampal neurons is that it could be used in gene therapy for neurodegenerative diseases such as Alzheimer's disease and Down syndrome, the pathogenesis of which includes apoptosis of hippocampal neurons (46, 76, 77) . Indeed, the only genes presently known to block apoptosis in these cells, the viral serpin crmA and bcl-2, have a relatively narrow spectrum of activity and do not activate survival pathways (48) . ICP10 PK is a particularly promising candidate for gene therapy of neurodegenerative diseases, because activation of the MEK/MAPK pathway has been implicated in long-term potentiation, which improves cognitive functions (30) . Ongoing studies are designed to test the validity of these interpretations.
